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Abstract 

Recent results on prompt photon production 
in photoproduction, deeply inelastic scatter- 
ing and hadronic collisions are reviewed and 
the importance of photons for LHC experi- 
ments is briefly discussed. 

1 Introduction 

Photons have always played a very impor- 
tant role in particle physics, historically to 
develop the quantum theory of electrodyna- 
mics (QED) and experimentally due to their 
omnipresence and clean signature. Another 
interesting aspect is their "dual nature" with 
respect to the strong interactions: On one 
hand, the photon acts like a pointlike par- 
ticle described by QED, on the other hand, 
photons also have a "hadronic face" : ener- 
getic partons can "fragment" into a large-pT 
photon and hadronic energy, this process be- 
ing described by photon fragmentation func- 
tions [21 [3] . Similarly, initial state photons 
also can be "resolved" into their hadronic 
structure by a hard interaction, leading to 
the concept of photon structure functions, 
see e.g. [U [5] for recent reviews. Making 
use of this dual nature, reactions involving 
photons are an ideal tool to study QCD in 
various aspects (for recent literature, see e.g. 

mm)- 

Furthermore, final state photons play an 
important role in the search for a Higgs boson 
with mass below ^ 140 GeV, where the decay 
into two photons is a very prominent chan- 

* Invited talk given at the International Con- 
ference Photon2007, Paris, July 9-13, 2007 [l]. 



nel. In addition, they are important signa- 
tures for various scenarios of Physics Beyond 
the Standard Model, as they appear e.g. in 
the decay chain of SUSY particles or Kaluza- 
Klein excitations. 

Therefore it is very important to under- 
stand the Standard Model physics involving 
photons. For that matter we can learn a 
lot from past and present experiments. In 
the following, we will highlight some of the 
results obtained recently involving large-pr 
("prompt") photons in the final state. Due 
to the limited scope of this article, we only 
cover HERA and hadron collider kinematics. 

2 Photoproduction of prompt 
photons 

High energy electron-proton scattering, as it 
has been carried out at the DESY ep col- 
lider HERA, is dominated by so-called pho- 
toproduction processes, where the electron is 
scattered at small angles, emitting a quasi- 
real photon which scatters with the proton. 
The spectrum of these photons can be de- 
scribed by the Weizsacker- Williams approxi- 
mation [H [9] . The 7 — p scattering processes 
are of special interest since they are sensitive 
to both the partonic structure of the photon 
as well as of the proton. As will be explained 
below, they offer the possibility to constrain 
the (presently poorly known) gluon distribu- 
tions in the photon, since in a certain kine- 
matic region the subprocess qg jq, where 
the gluon is stemming from a resolved pho- 
ton, is dominating [lOj . 

The cross section for ep — > can symbo- 
lically be written as a convolution of the par- 



ton densities for the incident particles (resp. 
fragmentation function for an outgoing par- 
ton fragmenting into a photon) with the par- 
tonic cross section a: 

da^P^^^ (Pp, Pe , By ) = I] J dXe J dXp 

a,b,c 

J dzFa/e{Xe,M)Fi,/p{Xp, Mp)D^/^{z, Mp) 
da"^^'^ {XpPp, XePe, P^/z, fi, M, Mp, Mf) , 

where M, Mp are the initial state factorisa- 
tion scales, Alp the final state factorisation 
scale, fj, the renormalisation scale and a, 6, c 
run over parton types. 

The subprocesses contributing to the par- 
tonic reaction ab — > cX can be divided into 
four categories, as depicted in Fig. [T] The 
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Figure 1: Examples of contributing subpro- 
cesses at leading order to each of the four 
categories. 

cases "direct-direct" and "resolved-direct" 
correspond to c = 7, so D^/c{z, Mp) = 
(5c'y(5(l — z) in ([1]), i.e. the prompt photon is 
produced directly in the hard subprocess and 
not from the fragmentation of a hard parton. 



The "resolved" contributions are charac- 
terised by a resolved photon in the initial 
state where a parton stemming from the 
photon instead of the photon itself parti- 
cipates in the hard subprocess. In these 
cases, F^/f,(xe, M) is given by a convolution 
of the Weizsackcr- Williams spectrum /^(y) 
with the parton distributions in the photon: 

Fa/e{Xe,M)= (2) 

(1) / dydx^ f^{y) Fa/^{x^,M)6{x^y - Xe) . 
Jo 

The cases with "direct" attributed to the ini- 
tial state photon correspond to a = 7, so 
Fa/-r = S{l — x^) and Fa/e hi eq. ([2]) collapses 
to the Weizsackcr- Williams spectrum. 

If additional jets are measured, eq. H]) 
also contains a jet function, which defines 
the clustering of the final state partons other 
than the photon into jets. 

Photon isolation 

In order to single out the prompt photon 
events from the background of secondary 
photons produced by the decays of i:^,ri,uj 
mesons, isolation cuts have to be imposed 
on the photon signals in the experiment. A 
widely used isolation criterion is the follow- 
ing: A photon is isolated if, inside a cone cen- 
tered around the photon direction in the ra- 
pidity and aziinuthal angle plane, the amount 
of hadronic transverse energy Etj?-'^ deposited 
is smaller than some value -Er.max '■ 

for {ij-Vif + {<P - (t^-tf < (o\ 

HERA experiments mostly used ET^ma.^ = 
epTp with e = 0.1 and P = 1. Isolation not 
only reduces the background from secondary 
photons, but also substantially reduces the 
fragmentation components. It is important 
to note that the isolation parameters must 
be carefully fixed in order to allow a com- 
parison between data and perturbative QCD 
calculations. Indeed a part of the hadronic 



energy measured in the cone may come from 
the underlying event; therefore even the di- 
rect contribution can be cut by the isolation 
condition if the latter is too stringent. 



2.1 Inclusive prompt photons 

Inclusive prompt photons in photoproduc- 
tion processes have been measured by 
ZEUS [TT] and HI [12], and compared to 
PYTHIA [I3] and HERWIG [M] as well as 
NLO perturbative QCD calculations [T51ll6j . 
Interestingly, the data are above the NLO 
QCD prediction after corrections for hadro- 
nisation and multiple interactions (see Fig. 
[2]). This feature is seen in both, ZEUS and 
HI data, and also persists in the comparison 
to PYTHIA6.1 and HERWIG6.1, as shown in 
Fig. [31 The K&Z [H] curve being below the 
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Figure 2: HI data[T2] compared to NLO 
QCD [15l[16]. The NLO results are corrected 
for hadronisation and multiple interaction 
(h.c.+m.i.) effects. The light blue (outer) 
error bands show the estimated uncertainties 
on these corrections for the FGH result, the 
dark blue (inner) bands show the scale un- 
certainty. The rf distribution is based on 
^?,min = 5GeV. 

FGH [16] curve in Fig. [2] can be explained by 
the fact that the K&Z calculation does not 
contain the NLO corrections to the resolved 
part. 
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Figure 3: HI and ZEUS data on inclu- 
sive prompt photon production compared to 
PYTHIA and HERWIG. The blue histogram 
"without multiple interactions (m.i.)" as well 
as the "direct only (dir)" histogram refer to 
the PYTHIA prediction. The figure is taken 
from ref. [12] . 



2.2 Prompt photon + jet 

Prompt photon production in association 
with a jet offers more possibilities to probe 
the underlying parton dynamics, as it allows 
to define observables which give information 
about the momentum fractions x'^,x^ the 
partons are carrying with respect to the pho- 
ton respectively proton they are originating 
from. The partonic x"' , x^ are not observable, 
but one can define the observables 



Ft 



1 

obs '2E~^ 



X' 



2EP 



(4) 



which, for direct photons in the final state, 
coincide with the partonic x'^ , x^ at lead- 
ing order. Unique to photoproduction pro- 
cesses is the possibility to "switch on/ofF' the 
resolved photon by suppressing/enhancing 
large x'^ . As x'^ = 1 corresponds to direct 
photons in the initial state, one can obtain 
e.g. resolved photon enriched data samples 
by placing a cut xj^g < 0.9. Another pos- 
sibility to enhance or suppress the resolved 
photon component is to place cuts on px and 



rapidity. From eq. ^ one can easily see that 
•^obs small at low values and large 

negative rapidities. Small x'^ -enriched data 
samples could be used to further constrain 
the parton distributions in the real photon, in 
particular the gluon distribution, as investi- 
gated e.g. in [TU]. Similarly, one can suppress 
the contribution from the resolved photon to 
probe the proton at small by direct "f — p 
interactions [10] . 
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Figure 4: ZEUS 7-fjet data [17] for > 
5 GeV compared to different theory predic- 
tions (see text). 

As the hadronisation corrections are 
smaller for 7-l-jet than for dijet photoproduc- 
tion |17|. 7-l-jet final states in principle offer 
the possibility for highly accurate compari- 
sons of perturbative QCD predictions to the 
data, once the issues about photon isolation 
are well under control. For example, a study 
of the effective transverse momentum (fcy) 
of partons in the proton has been made by 
ZEUS [H] . Comparing the shapes of nor- 
malised distributions for (fcT)-sensitive ob- 
servables to a NLO calculation, it was found 
that the data agree well with NLO QCD 
without extra intrinsic (fcy) |19| . 

Detailed analyses for 74-jet measurements 
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Figure 5: HI 7-fjet data [H] compared to 
NLO QCD predictions [15l[19]. The labelling 
of the histograms is the same as in Fig.[2l 

in photoproduction have been carried out by 
both ZEUS [m [20] and HI [12], where the 
ZEUS collaboration has also compared with 
the /cy-factorisation approach of Lipatov and 
Zotov [2lj. Sample plots arc shown in Figs.|4] 
and[5| 

The fact that in the last bin of Fig.[5]d) 
the data point drops below the parton level 
theory prediction (black dashed curve) may 
be understood as an example where photon 
isolation in the partonic calculation acts dif- 
ferently from photon isolation in the experi- 
ment: In the large-ry'' region, the contribu- 
tion from resolved photons dominates, such 
that more remnants from the resolved photon 
are present than in other rapidity domains. 
These remnants may deposit energy in the 
isolation cone which is above the ii^T,max al- 
lowed by isolation, and thus the event is dis- 
carded, while this effect is certainly not fully 
captured by the partonic calculation. This 
explanation is corroborated by the fact that 
the hadronisation corrections lower the par- 
ton level result substantially in the large-77''' 
region. 

Interestingly, ZEUS investigated what 
happens if the minimum transverse energy 
of the prompt photon is increased to 7 GeV, 
and found that in this case, the NLO calcula- 
tions arc in good agreement [T7| (see Fig. ^ , 
which points to non-perturbative effects be- 



ing the reason for the discrepancy. In this 
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Figure 6: ZEUS 7+jet data [17] for > 
7GeV compared to different theory predic- 
tions. 

hght it would be interesting to reconsider the 
inclusive prompt photon data with increased 

^T,min- 

3 Prompt photons in DIS 
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Figure 7: Predictions from PYTHIA and 
HERWIG and predictions from a parton 
level calculation [24] compared to ZEUS data 
on inclusive prompt photon production in 
DIS [22 . LL denotes the contribution from 
photon radiation off leptons, QQ the one off 
quarks. 
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Figure 8: Preliminary HI data |25j compared 
to predictions from ref. 



Some time ago, the ZEUS collaboration 
performed a measurement |22| of the inclu- 
sive prompt photon cross section in deeply 
inelastic scattering (DIS), where rather 
large discrepancies to the predictions of 
PYTHIA6.206 [23] and HERWIG6.1 [14] were 
found. This motivated a dedicated partonic 
calculation [24] where both the radiation of 
photons off leptons and off quarks was taken 
into account. The result is in fair agreement 
with the experimental data, which shows the 
importance of both subprocesses, as well as 
the inclusion of large-angle photon radia- 
tion [21]. In particular, the shapes of the in- 
dividual contributions in Fig. [7] suggest that 
PYTHIA seems to underestimate the photon 
radiation off leptons. 

Very recently, HI also presented data on 



prompt photon production in DIS [2S1 [53] , 
where the measurement range could be ex- 
tended considerably as compared to previous 
measurements, thus increasing the cross sec- 
tion by almost an order of magnitude. The 
77''' distribution, again compared to the cal- 
culation of ref. [24], is shown in Fig.[8l 

Prompt photon plus jet production in DIS 
also has been measured by ZEUS [22] and 
HI [26], and compared to parton-level cal- 
culations. In this case, NLO predictions 
are available [271 [251 [25] , which describe the 
shape of the rj'^ distribution reasonably well, 
but still underestimate the data [22] [2^] . 

Based on the above mentioned partonic 
calculations, it is suggested in [30] that 
the photon fragmentation functions can be 



measured at HERA from 7+ (0+1) -jet and 
7+(l+l) -jet data samples in DIS. 

4 Prompt photons in hadronic 
collisions 

As already mentioned, prompt photon pro- 
duction in hadronic collisions is of particular 
importance these days for various reasons, 
e.g. photons play a major role in perform- 
ing luminosity/calibration measurements at 
the LHC, and, at a later stage, measuring the 
gluon pdfs at the LHC. Further, (di-)photons 
are important in connection with the back- 
ground to ^ 77 for TTiH < 140 GeV, pair- 
production of SUSY-particlcs decaying to 
lower mass states, radiative decays of excited 
states in various New Physics scenarios, etc. 
Covering all these subjects is far beyond the 
scope of this short review, therefore we focus 
on calculations related to recent experimen- 
tal measurements. 

It should be noted that at high ener- 
gies, the electroweak corrections from vir- 
tual weak boson exchange increase strongly. 
This fact motivated the calculation of the 
complete one-loop electroweak corrections to 
large-pT photon production in hadronic col- 
lisions [33 [32] ■ Indeed it was found that at 
the LHC, where photon transverse momenta 
in the range of 2 TeV are within reach, these 
corrections amount to up to -17% [5^ . 

4.1 Diphoton production in hadronic 
collisions 

Two publicly available parton level calcula- 
tions which include various types of higher 
order corrections are available, DIPHOX [33] 
and ResBos [M] [33 [33 [37] . ResBos has re- 
cently seen an important update [34] , where 
0{al) corrections to gg-scattering [33 [Ml 
[33 [m have been included. In addition, it 
contains NNLL resummation of initial-state 
singularities at small qt- Although a com- 
plete treatment of resummation would re- 
quire joint initial- and final state resumma- 



tion, which is quite difficult because of the in- 
terplay with photon isolation, the resumma- 
tion done in [34| certainly improves the theo- 
retical prediction in the region sensitive to 
initial state multiple gluon emission. On the 
other hand, ResBos uses an approximation 
for the fragmentation contributions which is 
effectively leading order, while in DIPHOX 
the fragmentation contributions are included 
fully at ncxt-to-leading order. 
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Figure 9: CDF diphoton data com- 
pared to DIPHOX [33] ■ ResBos [37] and 
PYTHIA6.216[23]. The figure is taken from 
ref. [42]. 

CDF has performed a recent measurement 
of diphoton production [44j . The compari- 
son to the data reflects the features of the 
different theoretical descriptions, as can be 
seen from Fig. [9] DIPHOX diverges at low qx 
because this region requires resummation of 
large logarithms. ResBos underestimates the 
tail because its fragmentation contribution is 
effectively at leading order. In particular, the 
shoulder seen in the data at qt > 28GeV can 
be understood as arising from an increase in 
phase space for At/)^^ < tt/2, which is partic- 
ularly enhanced in the fragmentation contri- 
bution due to an interplay with isolation. De- 
tailed studies can be found in [33] . Note that 
Fig. [9] has been obtained with the ResBos 
version of ref. [37], but the most recent ver- 
sion shows basically the same features with 
respect to this plot [34]. 



4.2 Inclusive prompt photon produc- 
tion 

DO has measured the cross section for the in- 
clusive production of isolated photons in the 
range 23 < < 300 GeV gS]. This extends 
previous measurements [461 |47l |48] to signif- 
icantly higher values of p^. In fact, the p7p 
range is the widest ever tested. As can be 
seen from Fig.[TOl the data agree quite well 
with NLO QCD calculations gSHSD]. 
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Figure 10: DO data [45j on inclusive prompt 
photon production for 23 GeV < pi^ < 
300 GeV, < 0.9 compared to JET- 

PHOX [49] . The figures are taken from [51] . 



4.3 Prompt photon + jet production 

Measurements of pp ^ 7 + jet + X for 30 
GeV < p^ < 300 GeV are just being per- 
formed by DO [52]. The NLO partonic Monte 
Carlo program JETPHOX [49] is used to com- 
pare to theory at next-to-leading order. The 



comparison is done separately for different 
regions in rapidity of the photon and the jet. 
The preliminary data show a discrepancy to 
the theory prediction in some regions [52l [53] 
which still needs to be understood, as it is 
not always at low pip, where it could be ex- 
plained by non-pcrturbativc effects. 

Understanding prompt photon plus jet 
production in hadronic collisions is certainly 
very important in view of the LHC, where 
the process 5 g — > (77 dominates in a wide 
kinematic range and thus offers the possibil- 
ity to constrain the gluon distribution in the 
proton [SH [Sni [5S1 [STj . Further, 7-l-jet events 
can be used to set the absolute jet energy 
scale, as shown e.g. in dedicated CMS stud- 
ies [SHI [59] . It is also a good channel to study 
photon selection criteria in view of searches 
for New Physics [H [57] . 



4.4 



Prompt 
RHIC 
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RHIC pp collisions at Vi = 200 GeV [6OI [6l] 
cover the intermediate energy range between 
fixed target and Tevatron collider energies 
and are therefore of major importance to 
bridge a gap which allows a revisited inter- 
pretation of all of these data. Further, the 
PHENIX experiment at RHIC uses differ- 
ent photon isolation methods [5D] , which al- 
lows to study systematics related to isolation. 
An interesting possibility is also the mea- 
surement of photon-hadron azimuthal corre- 
lations as presented in [62j and studied from 
the theory side in [S31 [M] . 

The PHENIX prompt photon data have 
been compared to NLO QCD calculations by 
JETPHOX [49] and W. Vogelsang et aZ[50] 
and show very good agreement, as can be 
seen from Fig. [11] 

5 The overall picture 

Looking at Figs. [10] and]!!] one may won- 
der why prompt photons in hadronic col- 
lisions had the bad reputation of exhibit- 



JETPHOX M=/i,=M,=p,/2 




16 

p, GeV/c 



Figure 11: Inclusive prompt photon data 
from PHENIX at = 200 GeV gO] com- 
pared to JETPHOX. 



ing large disagreements between NLO theory 
and data, partly in both normalisation and 
shape. The discrepancies were mainly seen in 
prompt photon production on fixed targets, 
but also at Tevatron pp collider energies (for 
a review, see e.g. [491 [65]). 

It was suspected that there are large ef- 
fects from multiple soft gluon emission, and 
the necessity for large intrinsic (kx) to ac- 
count for soft gluon- and nonperturbativc ef- 
fects was claimed. 

As a consequence, various theory efforts 
to quantify these effects have been un- 
dertaken, e.g. threshold resummation for 
xt=2pt/Vs ^ 1 [Si EZl [SHI [Ml EOl EI] and 
joint resummation of threshold and recoil ef- 
fects [la [731 [m [75|. It has been shown 
that the effect of resummation extends down 
to XT ^ 10~^, thus covering the fixed target 
range, and that scale dependences are con- 
siderably reduced by resummation. Further, 
it turned out that, as to be expected, recoil 
effects in inclusive prompt photon produc- 
tion are relatively small, and that agreement 
with almost all prompt photon data can be 
achieved. A detailed collection and analysis 
of prompt photon results at different ener- 
gies has been performed in [49j , where Fig. [12] 
has been taken from. One can see that, with 
the new data from the Tevatron and from 



PHENIX, we cover a very wide range in xt- 
More importantly, the picture emerges that, 
apart from the E7G6 data, the agreement 
with NLO theory is quite impressive. 
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Figure 12: Collection of inclusive prompt 
photon data at different energies. The fig- 
ure is taken from ref. [49] . 

In conclusion, we have learnt a lot (and 
still do !) from prompt photon production 
at HERA. Further, thanks to recent RHIC 
and Tevatron measurements, the reputation 
of prompt photons in hadronic collisions is 
rising again: NLO QCD in general does a 
pretty good job where it is expected to do 
so. Therefore we are looking forward to fur- 
ther exploiting the advantageous features of 
photons in future measurements and calcula- 
tions. 
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